We propose an efficient scheme for the generation and the manipulation of Raman fields in an homogeneously broadened atomic vapor in a closed three levels Λ-configuration. The key concept in generating the Raman and sub-Raman fields efficiently at lower optical densities involve the microwave induced atomic coherence of the lower levels. We show explicitly that, generation efficiency of the Raman fields can be controlled by manipulating the coherences via phase and amplitude of the microwave field.
I. INTRODUCTION
Coherence effects in a multilevel atomic system induced by coherent electromagnetic fields has attracted considerable attention due to intriguing counterintuitive physics and potential important applications [1] . Induced atomic coherences display many optical phenomena such as enhanced nonlinear effects [2] , electromagnetically induced transparency (EIT) [3] [4] [5] , giant Kerr nonlinearity [6] [7] [8] , lasing without inversion [9] [10] [11] , efficient nonlinear frequency conversions [12] [13] [14] , relative intensity squeezing [15] , coherence Raman scattering enhancement via maximum coherence in atoms [16, 17] and molecules [18] [19] [20] , enhanced lasing [21] [22] [23] , coherent Raman umklappscattering [24] , controlled resonance profiles [25] , carrier-envelope phase effects by multicycle pulses [26] etc. to name a few.
Usually in such systems, the excitation of atomic or molecular coherence is achieved by optical fields. Generating and harnessing new coherences in the presence of a microwave field, in addition to the optical fields in this systems have gain much attention is the past decade [27, 28] . For example, it was shown that microwave field can be utilized to envision novel effects like electromagnetically induced transparency with amplification(EITA) [29] in superconducting qubits, subwavelength atom localization [30] , circuit QED [31] , simultaneous slow and fast light [32] , gains without inversion in quantum systems with broken parities [33] , quantum storage [34] [35] [36] with features like minimal loss and distortion of the pulse shape. Recently Jha and Ooi studied the control of quantum resonances in photonic crystals with electromagnetically induced transparency driven by microwave field [37] and showed that the intensity and phase of the microwave field can alter the transmission and reflection spectra in interesting ways, producing hyperfine resonances. Such ideas has opened the door for nanophotonic devices to be merged with * Present Address: University of California, Berkeley, California 94720, USA. Email: pkjha@berkeley.edu † Currently at Max-Planck Institut für Kerphysik, 69117 Heideberg, Germany. Email: sumanta.das@mpi-hd.mpg.de ‡ Email: tarak.dey@iitg.ernet.in microwave telecommunication devices Typically in the Λ-configuration we use two lasers, where one is use to excite the coherence (also known as the drive field) and the other (weak) is used as a probe. Here the underlying assumption is that the drive field does not couple the probe transition and vice-versa. This is a good approximation when the two frequencies are not close to each other or such coupling is not allowed by selection rules [1] . Not so long ago Harada et al. [38] investigated an interesting problem of competition between stimulated Raman scattering(SRS) and EIT in an atomic gas in Λ−configuration and showed that at higher optical density the conversion of probe photon to Stokes photon is not negligible. Later Agarwal et al. [39] approached this problem theoretically and showed that at higher densities
(Color online) (a) Schematic diagram of a three-level atomic system with energy spacing ω cb between two ground states c and b in a typical EIT setup. The control field with frequency νc and probe field with frequency νp act on the atomic transitions |a ↔ |c and |a ↔ |b , respectively. (b) Same three-level Λ system as (a) but at high atomic number density and in presence of the microwave field. The space-time-dependent field E(z, t) can now coupled to both the optical transitions generating Raman stokes and anti-stokes frequencies along with the pump and probe frequencies. the pump photon is depleted due the multiple Raman scattering processes. In both the papers [38, 39] the optical density seems to be the controlling parameter of the two competing processes.
In this paper, we report our theoretical study of efficient Raman and sub-Raman fields generation from homogeneously broadened and low density atomic vapor of Potassium. Here we model the Raman fields generation by atoms in Λ−configuration excited by optical and microwave fields. The optical fields couple the dipole allowed transition while the dipole forbidden transition is excited by the microwave field. Similar configuration has also been studied earlier in efficient FWM process as a result of stimulated Raman scattering of the optical field [40] . Here we show that applying microwave fields, which induces atomic Zeeman coherence, leads to efficient Raman field generation even at lower optical density contrary to that reported in its absence [39] . The main result of the paper are shown in Figs. 2 and 5 where we have plotted the spectral amplitudes of the Raman stokes and sub-Raman fields generated as a function of the optical density. The paper is organized as follows. In section II, we obtain the equation of motion for the density matrix elements ij . In section III, we present the findings of our numerical simulation where we have studied the evolution of the Raman and sub-Raman fields as a function of the optical density. In section IV, we summarize and present possible applications of our results.
II. THEORY
Our model system consist of a cell filled with a low atomic number density (∼ 10 10 atoms/cm 3 ) gas of three-level atoms with energy levels in Λ-configuration as depicted in Fig. 1 . Here we consider that an optical beam propagating through the cell along z axis can couple to both the dipole allowed transitions |a ↔ |b and |a ↔ |c [39] . The dynamics of the atomic system thus becomes notably different from a typical EIT scheme which is well known in such three-level atomic configurations [see Fig. 1 (a)], and other nonlinear processes starts to become significant. To account for different nonlinear processes in our model, following [39] , we write the input field in the form,
where E(z, t) denotes the net generated field. At the input face of the medium E(z, t) has two components to account for both control and probe fields:
where E j (z) = Ee ikj z is the position dependent amplitude of the control and probe with ν c and ν p being the respective frequencies.
The cell is placed in a microwave cavity and a microwave field couple the dipole forbidden Raman transition |b ↔ |c . This create coherence among the lower states which as we will see later are important for enhancement of Raman generation in the system. We consider the microwave field as,
where E µ (z) position dependent amplitude of the microwave field inside the cavity, ν µ is the microwave frequency, and φ µ is the phase of the microwave field. Under the Ramanresonance condition ν p − ν c = ω bc , we expect E(z, t) to have the time structure
Here E (±n) gives the strength of the nth order Raman fields for n > 1. The first order processes gives E (−1) as the strength of the stokes field and E (+1) describes the change in the probe field. The Hamiltonian for our three level system in the dipole approximation can be written as,
where k = (a, b, c) and ℘ αβ = α|℘|β is the dipole moment of the corresponding transition (|α ↔ |β ). To investigate the space-time dependent dynamics of the atomic system in presence of relaxation processes we take a master equation approach. The corresponding quantum Louville equation of motion is given by,
where Lρ is given by
Here ρ is the density operator of the system, Lρ is the Lindbald operator representing the relaxation processes, γ kk is the spontaneous emission rate, γ kj is the decoherence rate of the relevant coherences ρ kj and σ basis (a, b, c) . In doing so we work in a frame rotating with frequency ν c to eliminate the highly oscillating terms and thus apply the transformations
and ρ cb = cb . The density matrix equations governing the dynamics of the atomic coherences and populations with the above mentioned transformation is then given by, 7 rad/sec.
where θ µ = k µ z − ν µ t and the relaxation rates of the coherences are given by
where ∆ = ω cb −∆ and ∆ = ν c −ω ac . The spontaneous decay rate and coherence decay rates are represented by γ k (k = a, b, c) and γ p respectively. The space-time dependent Rabi frequency corresponding to the optical and microwave fields are defined by Ω(z, t) = ℘ · E µ / and Ω µ (z, t) = ℘ cb · E µ / . For simplicity we have assumed the dipole moments of the optical transitions ℘ ab = ℘ ac = ℘ and γ a = γ b = γ c = γ. The equations for other coherences and populations easily follows from jk = * kj and T r( ) = 1. To investigate the non-linear response of the medium on the propagating optical field in The used parameters are same as in Fig. 2 presence of the microwave, we study the net generated field E(z, t) at the output for arbitrary atomic number density. The behavior of the generated fields is given by the Maxwell equations involving the induced macroscopic polarizations P(z, t), which in the slowly varying envelope approximation is
The induced polarization is in turn connected to the coherences in the system by the relation,
Thus Eq. (16) then leads to a coupled Maxwell-Schrodinger equation for the generated field in the form
where η = 3λ 2 nγ/4π. The coupled Eqs(10-14) along with the propagation equation for the optical fields Eq. (18) are solved numerically in the moving co-ordinate system
with the following initial conditions: atoms are in initially in the state b, microwave field is in resonance with the b ↔ c transition, the medium is homogeneous and the fields at the input face of the medium is given by Eq.(2). We calculate the output field E(l, τ ) in terms of the space-time dependent Rabi frequency Ω(l, τ ) and following [39] , do a fast Fourier transform to obtain the different Fourier components of the field at the output face of the medium. This procedure enables us to determine the Raman signals and also provide us knowledge about the evolution of the probe and control fields. 
III. RESULTS AND DISCUSSION
We first present the key findings of our work and discuss the consequences of the microwave field induced coherence of the lower levels on the generated output fields. Our results are based on simulation carried out with realistic experimental parameters corresponding to the level scheme 4S 1/2 (F = 1) ≡ |b , 4S 1/2 (F = 2) ≡ |c and 4P 1/2 ≡ |a of 39 K given in [41] . In Figs. 2 we show the generation of Raman stokes and hyper-stokes fields at the frequencies (ν c − ω bc ) and (ν c − 2ω bc ) in the presence and the absence of the microwave coupling for low atomic number density ∼ 10 10 . The spectral amplitudes of Raman stokes and hyper-stokes fields show distinctly different behavior in the presence and the absence of the microwave fields. At optical densities ∼ 100 there is substantial generation of the Raman fields in presence of the microwave. The generated signals are substantially stronger in comparison to the situation where the microwave coupling is absent. Note that some earlier work has shown generation of such Raman field in atomic gases but only at a much higher optical densities [38, 39] . In Fig.2 we furthermore show in accordance to the earlier studies [38, 39] that in absence of the microwave coupling optical densities in excess of 1000 is required to generate Raman fields of similar strength. These Raman stokes and hyper stokes fields generation at low density regime can be explained by investigating the Fourier components of the population difference between the levels |b and |c at frequency ν c − ω cb and ν c − 2ω cb , respectively. It is clear from the Fig. 3 that the population difference ρ d = ρ cc − ρ bb at the frequency (ν c − ω cb ) and (ν c − 2ω cb ) differ significantly in presence and absence of the microwave field. As the cross-section for Raman is propor- tional to the population difference ρ d thus the microwave field induced population transfer at the lower state |c enhances the Raman stokes and hyper stokes generation in even low optical densities in atomic gases.
In Fig. 4 we show the behavior of the spectral amplitude of control and probe field at frequencies ν c and ν p respectively. We find that in the presence of the microwave coupling the probe field is strongly suppressed at optical density ∼ 100. In the absence of the microwave the probe field amplitude decreases gradually with an increase in the optical density. The control field amplitude on the other hand does not show much deviation in its behavior in presence or absence of microwave except for optical densities in certain range where the probe amplitude is seen to oscillate. Under this situation the control field amplitude falls. In general, all the components are coupled to each other via the Maxwell-Bloch equations and evolve dynamically as shown in Fig. 2 and Fig. 4 .
In Fig. 5 we show the behavior of spectral amplitudes of sub-Raman fields as a function of the optical density in presence of microwave field with and without a phase. Here ∆ = 50γ is the detuning of the control field with respect to the transition |a ↔ |c . We find that for the phase θ = π/4 the generation of sub-Raman fields are suppressed at low optical densities, while for θ = 0 we see strong sub-Raman generation even at lower optical densities around 100. We also noticed that complete suppression of the sub-Raman fields can be achieved at θ = π/2 which is not shown in Fig. 5 . Hence the phase of the microwave field also plays a important role in the generation of sub-Raman fields. This clearly manifest that the strength of coherence of the lower levels that is effective in Raman generation can be manipu-lated using the phase of the microwave field. Note that such phases have been shown to be useful in manipulation of EIT in atomic gases [42] . However the strength of the signal varies according to the frequencies due to the phase dependent microwave induced population transfer from the level |b → |c or vice versa. Therefore, the sub Raman stokes lines are seen to be enhanced much more compare to the sub Raman antistokes. We would like to emphasize here that our numerical simulation suggest that this phase dependence is a generic behavior that occurs for different multiples of n. For discussion purpose however we have provided results for only one such phase in the manuscript. As such θ = 0, π/4 can be generalized to the form θ = nπ, n = 0, 1, 2, ... and θ = (n + 1/2)π/2, n = 0, 1, 2, ... respectively.
IV. CONCLUSION
To conclude, we have investigated the efficient generation and manipulation of Raman fields by microwave induced coherence of the lower levels in a typical Λ system. Our proposed scheme works at remarkable low atomic densities. This is contrary to earlier studies in Λ system [38, 39] where higher optical densities (almost 10 times of what we consider) were required for Raman generation in absence of the microwave coupling. Furthermore we also demonstrate that the phase of the microwave field can also be used as an additional control parameter in generation of the sub-Raman field in such Λ system. Our numerical simulation were based on realistic experimental parameters and can thus be implemented for efficient Raman field generation in atomic gases. With recent demonstration of the technique called Laser induced atomic desorption(LIAD) [43, 44] combined with Raman scattering in the backward direction, demonstrated by Jha et al. [45] in cesium vapor, this microwave controlled efficient Raman generation can be used to envision remote detection of chemicals at low vapor concentration. Furthermore, at low atomic densities our technique can be useful to manipulate the probe absorption in EIT medium [42] by using the microwave field as the control knob. Extension of this work beyond atomic vapors to photonic crystals or superstructures will help in making a significant step in the direction of bridging nano-photonics with microwave devices and promoting the practical use of quantum coherence in metamaterials and photonic crystals to a wider domain.
